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Edited by Stuart FergusonAbstract A hyperthermophilic and aerobic crenarchaeon, Aero-
pyrum pernix K1, has two sets of genes possibly encoding 2-oxo-
acid:ferredoxin oxidoreductases. One is encoded in open reading
frames (ORFs) ape2126 and ape2128, and the other in ORFs
ape1473 and ape1472. The two sets of genes were expressed.
The product enzymes, Ape2126/2128 and Ape1473/1472, showed
optimal temperatures of 105 and over 110 C, and optimal pHs
of 8.5 and 9.0, respectively, using pyruvate as a substrate. Pyru-
vate, 2-oxobutyrate, and glyoxylate were the best substrates for
both enzymes, and additionally Ape1473/1472 was able to act
on 2-oxoglutarate, suggesting the enzyme operates in the TCA
cycle.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Thermophile1. Introduction
2-Oxoacid:ferredoxin oxidoreductase (OFOR) is a key
enzyme catalyzing coenzyme A-dependent oxidative decarbox-
ylation of 2-oxoacids, such as pyruvate (POR) [1–6], 2-oxois-
ovalerate (VOR) [6,7], 2-oxoglutarate (a-keto-glutarate)
(GOR or KOR) [6,8], and indole pyruvate (IOR) [6,9]. OFOR
uses ferredoxin as an electron acceptor instead of NAD+,
which is adopted as an electron acceptor in the 2-oxoacid
dehydrogenase multienzyme complexes in most living organ-
isms.
OFOR is distributed in all archaea, and a limited number of
species of bacteria and amitochondrial eukarya. Aeropyrum
pernix is a strictly aerobic and hyperthermophilic archaeon
growing optimally at 90–95 C at neutral pH [10]. The opti-
mum temperature for the growth of A. pernix is much higher
than that of any species of Sulfolobus, another aerobic and
thermophilic archaeon whose OFOR has been studied
[11–13]. Sulfolobus OFOR comprises a heterodimer, and is
able to react with both pyruvate and 2-oxoglutarate, and its
substrate speciﬁcity can be manipulated through mutation at
catalytic site residues.Abbreviations: OFOR, 2-oxoacid:ferredoxin oxidoreductase; ORF,
open reading frame
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doi:10.1016/j.febslet.2004.11.117Aeropyrum pernix has two putative heterodimeric OFORs,
one OFOR, Ape2126/2128, being encoded in open reading
frames (ORFs) ape2126 and ape2128, and the other OFOR,
Ape1473/1472, in ORFs ape1473 and ape1472, as deduced on
recent genome analysis [14]. Since OFORs are usually classi-
ﬁed into four categories (POR, VOR, KOR, and IOR) accord-
ing to the 2-oxoacid speciﬁcity, the functions of these two
putative OFORs from A. pernix are interesting.
In this study, we describe the cloning of these two enzyme
genes, ape2126/2128 and ape1473/1472, into expression vec-
tors, producing Ape2126/2128 and Ape1473/1472 in recombi-
nant Escherichia coli cells, and puriﬁcation of the
recombinant enzymes and their characterization.2. Materials and methods
2.1. Bacterial strain and plasmid
Aeropyrum pernix K1 was cultured and its chromosomal DNA was
prepared as described previously [15]. E. coli strain JM109(DE3)
{recA1, D (lac-proAB ), endA1, gyrA96, thi-1, hsdR17, relA1, supE44
[F 0traD36, proAB+, lacIqZDM15]} was obtained from Promega, and
was grown in Luria–Bertani (LB) medium supplemented with appro-
priate antibiotics. Plasmid pRSETB was from Novagen. Restriction
endonucleases and DNA-modifying enzymes were purchased from
Nippon Gene. DNA was manipulated by standard procedures [16].
2.2. Construction of expression plasmids
The construction of expression plasmids is shown in Fig. 1. Each
OFOR apparently comprises a subunit-a and a subunit-b. Since the
two ORFs overlap between ape2126 and ape2128, and between
ape1473 and ape1472, expression vectors were constructed so that
each ORF was arranged tandemly, and a ribosome binding site
for the second ORF was designed. Therefore, these subunit genes
were separately ampliﬁed by means of PCR with an NdeI restriction
site at the 5 0-end and a XbaI site at the 3 0-end for the ﬁrst ORF,
and with a XbaI site followed by a ribosome binding site at the
5 0-end and an EcoRI site at the 3 0-end for the second ORF. These
fragments were ligated to the NdeI–EcoRI large fragment of vector
pRSETB. The resulting plasmids were designated as pRSET2126/
2128 and pRSET1473/1472. The sequences of these plasmids were
conﬁrmed by DNA sequencing.
2.3. Production of recombinant proteins
Escherichia coli JM109(DE3) cells harboring either plasmid
pRSET2126/2128 or pRSET1473/1472 were grown in LB broth con-
taining 100 lg/ml ampicillin at 36 C, and induced by the addition
of 0.5 mM IPTG and 0.1 mM FeSO4 when the OD600 reached
1.0. The induced cell suspension was vigorously shaken in a Sakag-
uchi ﬂask for 12 h (pRSET2126/2128 transformed cells) or 48 h
(pRSET1473/1472 transformed cells) at 25 C. The cells were
collected by centrifugation and stored frozen at 80 C until use.
In the case of pRSET1473/1472, the culture was carried outblished by Elsevier B.V. All rights reserved.
Fig. 1. The strategy for constructing expression plasmids pRSET2126/
2128 and pRSET1473/1472.
Fig. 2. Top: temperature dependence of the reaction; middle: pH
dependence of the reaction (circles, sodium acetate buﬀer; triangles,
sodium phosphate buﬀer; squares, sodium borate buﬀer; and inverted
triangles, sodium CAPS buﬀer; 50 mM each); bottom: KCl dependence
of the reaction. Closed and open symbols represent Ape2126/2128 and
Ape1473/1472, respectively.
Table 1
Eﬀect of OFOR activity on aerobic/anaerobic growth
Enzyme Growth Protein
(mg)
Activity
(U)
Sp. act.*
(U/mg)
Ape2126/2128 Aerobic 25.3 14.93 0.59
Anaerobic 2.11 1.03 0.48
Ape1473/1472 Aerobic 23.9 2.63 0.11
Anaerobic 2.00 0.88 0.44
Protein and activity for crude extract are indicated. Pyruvate was used
as a substrate 2-oxoacid.
*Sp. act., speciﬁc activity.
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was stirred gently throughout the culture, otherwise the speciﬁc
activity of the recombinant enzyme in the cell free extract was quite
low, as shown below.
2.4. Protein puriﬁcation
Frozen cells were thawed and suspended in 10 mM Tris–Cl, pH 8.6,
containing 0.1 mM phenylmethylsulfonylﬂuoride, and then disrupted
by sonication. The suspension was heated at 80 C for 30 min, and
the resulting aggregate was removed by centrifugation at 5000 · g
for 30 min. The supernatant was applied to a DEAE-Sephacel (Phar-
macia) column (2 · 20 cm) pre-equilibrated with 10 mM Tris–Cl, pH
8.6 (buﬀer I). Proteins were eluted from the column with a linear gra-
dient of NaCl, from 0.2 to 0.4 M, in buﬀer I (total 500 ml). The active
fraction was made to 1.6 M with solid ammonium sulfate, and then ap-
plied to a Butyl-Toyopearl 650S column (2 · 10 cm) pre-equilibrated
with 1.6 M ammonium sulfate in buﬀer I. Proteins were eluted with
a linear gradient of 1.6–0 M ammonium sulfate in buﬀer I (total
200 ml). The active fraction was concentrated with a Centricon 30
(Amicon, cutoﬀ 30 kDa), and then applied to a Superdex 200 HR
10/30 FPLC (Pharmacia) equilibrated with 0.1 M NaCl in buﬀer I.
An active fraction was collected and checked for the purity. The en-
zymes thus prepared were used in the following experiments as the
‘‘puriﬁed enzymes’’.
2.5. Analytical procedures
Protein concentrations were determined by the method involving
BCA assay (Pierce Chemical Co.) with bovine serum albumin as the
standard. The purity of the enzyme was determined by SDS–PAGE
with 12% (w/v) polyacrylamide as described previously [12].
The enzyme activity of OFOR was routinely assayed by monitoring
the pyruvate-dependent reduction of methyl viologen at 80 C in a
1.5 ml quartz cuvette containing N2 as the gas phase. The standard as-
say mixture (0.5 ml) comprised 50 mM sodium phosphate, pH 8.5,
20 mM sodium pyruvate, 0.15 mM coenzymeA, and 2 mM methylviol-
ogen. For the assaying of OFOR, pyruvate was replaced by other 2-
oxoacid, as listed in Table 2. The rate of methylviologen reduction
was determined by following the absorbance at 578 nm
(e578 = 9.8 mM
1 cm1) using JASCO V560 spectrophotometer
equipped with thermocuvette-holder and temperature controller
ETC505. One unit of activity is deﬁned as 2 lmol methyl viologen re-
duced per min with 2-oxoacid. The apparent Vmax and Km values were
determined by measuring the activities with various concentrations of
pyruvate or 2-oxoglutarate.
2.6. Chemicals
2-Oxoacids were purchased from Sigma. Other chemicals were of
highest grade available.
Y. Nishizawa et al. / FEBS Letters 579 (2005) 2319–2322 23213. Results and discussion
3.1. Expression of ape2126/2128 and ape1473/1472
Table 1 shows the speciﬁc activity of POR in a heat-treated
cell free extract after centrifugation to remove heat-labile
E. coli proteins. Ape2126/2128 showed higher speciﬁc activity
in the aerobic culture than in the anaerobic one. In contrast,
expression of ape1473/1472 was suppressed in the aerobic cul-
ture but not in the anaerobic one. Other factors such as the
E. coli strains, coexpression of pAUGE (a plasmid encoding
GroESL and tRNAArg) [17], coexpression of pRKISC (a plas-
mid encoding a possible iron–sulfur cluster-forming operon)
[18], and the broth (LB and Terriﬁc Broth) did not signiﬁcantly
aﬀect or suppress the expression of these genes (data not
shown). Coexpression vector was introduced into E. coli by
sequential transformation. In certain cases, pAUGE was eﬀec-
tive in the expression of archaeal proteins in a soluble fraction
[17], and pRISKC supported the expression of iron–sulfur pro-
teins [18]. However, in our case, such coexpression system did
not improve the yield of active enzymes. Therefore, using
E. coli JM109 (DE3) as the host, ape2126/2128 was expressed
aerobically, while ape1473/1472 was expressed anaerobically.
Interestingly, once the recombinant enzyme was produced,
anaerobic conditions were not required for puriﬁcation of
Ape1473/1472. This suggests that anaerobic conditions are
necessary for the proper folding of the polypeptide of
Ape1473/1472, although, the content of oxygen-sensitive ami-
no acid residues such as cysteine is not greatly diﬀerent from
that in Ape2126/2128.
In a typical puriﬁcation, 2.64 mg (16 U) of pure Ape2126/
2128 was obtained from 49 mg (28.2 U) of heat-treated super-
natant, and 3.40 mg (13.4 U) of pure Ape1473/1472 was ob-
tained from 47.8 mg (20.1 U) of heat-treated supernatant,
with 20 mM pyruvate as a tentative substrate. These pure en-
zymes were eluted from the gel ﬁltration column (Superdex
200 HR 10/30) as a single peak of activity at volumes corre-
sponding to 110 and 100 kDa, for Ape2126/2128 and
Ape1473/1472, respectively. They each gave two protein bands
corresponding to two subunits on SDS–PAGE (data notTable 2
Speciﬁc activities of two OFORs from A. pernix
2-Oxoacida –R Corre
Pyruvate –CH3 Ala, A
2-Oxobutyrate –CH2–CH3 Thr
Glyoxylate –H Gly
Hydroxypyruvate –CH2–OH Ser
2-Oxo-4-methyl-thio-butyrate –(CH2)2–S–CH3 Met
2-Oxoadipate –(CH2)3–COOH Lys
2-Oxoglutarate –(CH2)2–COOH Gln, G
Phenylpyruvate –(CH2)2– Phe
2-Oxohexanoate –(CH2)3–CH3
p-Hydroxyphenylpyruvate –(CH2)2– –OH Tyr
2-Oxoisovalerate –CH(CH3)–CH3 Val
3-Methyl-2-oxovalerate –CH(CH3)–CH2–CH3 Ile
4-Methyl-2-oxovalerate –CH2–CH(CH3)–CH3 Leu
2-Oxoisocaproic acid –CH2–C(CH3)2H
2-Oxooctanoic acid –(CH2)5–CH3
a20 mM 2-oxoacid salt (R–CO–COONa) was used.
bN.D., not detected.shown). The subunit molecular weights of Ape2126/2128 were
72k and 35k on SDS–PAGE (theoretically 71 639.2 and
34 936.5, respectively), and those of Ape1473/1472 were 67k
and 34k on SDS–PAGE (theoretically 67 405.0 and 34 410.1,
respectively). The predicted molecular weights for Ape2126/
2128 and Ape1473/1472 are 106 575 and 101 815, respectively,
assuming the enzymes are heterodimeric. These predicted val-
ues agree with the values estimated from the gel ﬁltration.
3.2. Characterization
The recombinant OFORs thus prepared was thermostable at
80 C for 20 min incubation without loss of activity (data not
shown). This thermostability was much higher than that of
Sulfolobus OFOR [12]. Ape2126/2128 and Ape1473/1472
showed the highest activity at 105 and 110 C (or higher),
respectively (Fig. 2, top), but both enzymes exhibited negligible
activity at 40 C. The optimal pHs were 8.0 and 8.5 for
Ape2126/2128 and Ape1473/1472, respectively (Fig. 2, middle).
The eﬀect of KCl on the enzyme activity was complicated: 10–
20% inhibition was observed with 50 mM KCl, while with
higher concentrations (maximum, 0.6 M), 46–65% activation
was reached, and further increased concentrations of KCl were
inhibitory for both enzymes (Fig. 2, bottom). In these experi-
ments, activity was measured using 20 mM pyruvate as a ten-
tative 2-oxoacid. A. pernix lives in hot sea water and the
optimal salinity for growth is 3.5%, which corresponds to
about 0.6 M NaCl. It is, therefore, considered that the intracel-
lular salt concentration should be in osmotic equilibrium with
outside. About 0.6 M KCl may be maintained inside the living
cell, which is the optimal concentration for enzyme activity.
The activities of Ape2126/2128 and Ape1473/1472 toward 15
diﬀerent 2-oxoacids are summarized in Table 2. Both enzymes
showed wide speciﬁcity for 2-oxoacids, i.e., it was not restricted
to pyruvate. Pyruvate, 2-oxobutyrate, and glyoxylate were
good substrates for both Ape2126/2128 and Ape1473/1472. It
is interesting that the two OFORs were able to react with
glyoxylate, because it has been reported that Clostridial pyru-
vate synthase (pyruvate:ferredoxin oxidoreductase) activity
is strongly inhibited by glyoxylate [19]. The reaction wassponding amino acid Speciﬁc activity (U/mg)
Ape2126/2128 Ape1473/1472
sn, Asp 6.07 4.05
5.96 4.15
5.40 4.25
2.32 2.32
2.27 2.02
2.27 2.10
lu 0.35 4.00
0.50 1.54
0.28 1.00
0.26 0.68
0.03 0.08
N.D.b N.D.
N.D. N.D.
N.D. N.D.
N.D. N.D.
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myl CoA. 2-Oxoglutarate was a good substrate for Ape1473/
1472, but not for Ape2126/2128. Other 2-oxoacids examined
so far were less utilized, as shown in Table 2. Kinetic parameters
were determined at 80 C. Vmax of 10.1 U/mg and Km for pyru-
vate of 0.24 mMwere found for the Ape2126/2128 enzyme. For
the Ape1473/1472 enzyme,Vmax of 8.00 U/mg andKm for pyru-
vate of 0.38 mM, and Vmax of 7.46 U/mg and Km for 2-oxoglu-
tarate of 0.50 mM were determined. The results in Table 2
suggest that Ape1473/1472 operates in the TCA cycle of A. per-
nix. In contrast, both Ape2126/2128 and Ape1473/1472 are able
to catalyze pyruvate oxidation to form acetyl-CoA.
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